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Abstract 
In the present study, the influence of oxygen precipitates in the bottom part of multicrystalline silicon ingots on the 
metal diffusion has been studied. According to the well known haze test, an experimental setup for the measurement 
of diffusion velocity at 700°C was developed, in which the copper was detected using Total Reflection X-ray 
Fluorescence.  
Differences in the diffusion velocity and the gettering amount for copper in samples with low-oxygen and high-
oxygen were observed. Thus gettering efficiency seems to be dependent on oxygen content. Metal precipitates 
detected were found to contain Si, O and Cu. Since these precipitates appear along grain boundaries, it is assumed 
that grain boundaries act as a diffusion channel. As a consequence, oxygen precipitates located at the grain boundary 
should be most effective for intrinsic gettering. The results of these studies are encouraging since they imply that an 
optimized oxygen precipitate concentration in the bottom zone of a multicrystalline silicon ingot can be used as an 
effective intrinsic diffusion barrier. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
It has been reported that dislocations in combination with metals are the dominating defects that 
reduce the charge carrier lifetime (Weff) of multicrystalline silicon. Moreover, dissolved metal atoms 
exceeding a concentration of approximately 1010 – 1012 atoms/cm³ act as effective recombination centers. 
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Since dislocations can not be avoided completely, the additional detrimental effect of dissolved metals 
metal contaminations should be diminished as much as possible. It is well known that the majority of 
metal impurities in mc-Si results from a solid state diffusion of metal atoms originating mainly from the 
crucible and its coating. In the bottom part of the ingot a so-called “red-zone” appears, which is the most 
contaminated area of the ingot beside of the segregation zone on its top. The latter is less critical since the 
back-diffusion of metal atoms is limited by time. 
Contrary to monocrystalline ingots, the oxygen content is highest in the bottom, and - under certain 
conditions - exceeds the saturation solubility. Hence, SiOx-precipitates can be formed. In semiconductor 
devices those precipitates are known as so-called Bulk Micro Defects and synthesized a few micrometers 
underneath the wafer surface where they act as a sink for metal atoms. That way, an in atomically scale 
metal-free zone (the so-called denuded zone) can be obtained for the microelectronic elements. Our hope 
was, to observe a similar effect in the red-zone of multicrystalline silicon.  
Cu is probably the best investigated metallic impurity in silicon beside Fe. Few groups investigated the 
diffusion of Cu and its precipitation behaviour in silicon. Cu exhibits a large diffusion coefficient in 
silicon. The high diffusivity can be explained by an interstitial diffusion mechanism of positively charged 
copper ions [1-3]. 
 
2. Experimental  
Numerous studies have been published on the gettering effect of oxygen related defects (e.g. BMDs) 
[4, 5]. These are always related to Czochraski material used for CMOS applications. Referring to the 
well-known Haze-test [6], a similar experiment has been designed to study the gettering efficiency in 
multicrystalline material. Multicrystalline samples were intentionally contaminated with copper on the 
back side and heat-treated at 700°C for few minutes. After each annealing step the copper concentration 
at the front side was measured by TXRF (Total Reflection X-ray Fluorescence) and the diffusion time 
through the sample has been recorded. 
The samples for the diffusion experiments were produced from the bottom part of two center bricks of 
a multicrystalline ingot, crystallized by the standard block cast technique, using different growth 
processes in order to obtain different oxygen contents. In a first step, octagonal prisms were prepared 
using a diamond band saw. In a second step, slices of 28 mm in diameter and a thickness of 3.5 mm were 
prepared from these mini-bricks. The samples were mechanically polished on both sides and then etched 
in an HF/HNO3 solution to remove surface contaminations. 
Since the native oxide layer acts as a diffusion barrier, it was removed by an HF-Dip before applying 
copper. In first experiments it turned out that copper is detectable at the opposite sample side already at 
room temperature after a few hours. It is assumed that this might be attributed to surface diffusion. In 
order to avoid this effect, a photo resist mask with an opened area of 1 cm in diameter in the center of the 
sample was applied before the etching step. Hereupon, surface diffusion was no longer an issue. The 
contamination with copper has to take place immediately after the etching step to avoid the formation of a 
native oxide. The copper-coating was done by rubbing a clean Cu wire in the prepared area on the back 
side until it was visible to the naked eye. 
The diffusion experiments were performed in a RTP furnace. Annealing a blank sample without Cu 
coating already results in high amounts Cu, Fe and Ni on top of the surface. Consequently, the 
development of an alternative method for the annealing step became necessary.  
It is known from electrochemical experiments that piezo gas torches can be used for the preparation of 
atomically flat gold single crystal surfaces [7]. Cyclovoltametrical measurements and Scanning tunneling 
microscopy prove that heat treatments in the flame of such a piezo gas torch result in ultra-clean surfaces. 
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A very simple experimental setup (Fig. 1) was designed, consisting of a Piezo gas torch, a pyrometer and 
a ZrO2-sample-holder. The temperature can be adjusted by the gas flux of the piezo gas torch. That way, 
accuracies of ± 5 K can be achieved. That way, accuracies of ± 5 K can be achieved. A temperature curve 
is shown in Fig.2. 
             
 
 
 
 
Fig 1. experimental set-up                                                                          Fig. 2. temperature curve for an annealing step         
An additional advantage is that the sample is annealed predominantly in its center. Thus, diffusion 
should be focused to this area. Cooling the sample in air corresponds to a quenching rate of 
approximately 100 K s-1.Typically, ICP-MS or XAFS are used for measuring the copper content in 
comparable experiments [5]. Both methods seem to have some drawbacks. The experimental effort for 
both is very high so that an alternating measurement and annealing is almost impossible. Additionally, 
XAFS requires synchrotron radiation for which the availability is very limited. For ICP-MS analysis, the 
sample has to be dissolved completely or at least leached with HF or HNO3/HCl. Ultra pure chemicals 
and chemical equipment are required to avoid false results. In the present study a TXRF (Total Reflection 
X-ray Fluorescence) was used. Cu can be detected by TXRF as a surface contamination but also some 
microns underneath the surface by tilting the incident beam relative to the sample. TXRF enables a 
stepwise measurement of Cu over the annealing time. The measurement is simple and very quick. Fig. 
3(a) shows a TXRF-spectrum of a heat-treated sample. Beside copper iron is measured too, which can be 
attributed to the typical solid state diffusion in the bottom of multicrystalline Si ingots. The copper peak is 
relatively small but significant enough to be analyzed. For a blind test a quartz glass sample was 
annealed. As shown in Fig. 3(b) no cross contamination from the atmosphere or the piezo gas torch were 
measured.  
 
 
 
 
 
Fig. 3. (a) TXRF spectrum of a Cu contaminated samples annealed for 10 min (b) TXRF spectrum of a quartz glass 
sample before and after annealing, no contamination from the piezo gas torch was observed  
The content of interstitially solved oxygen (1107 cm-1) and plate-like precipitated oxygen (1224 cm-1) 
[8] was measured by a Bruker Tensor 27 IR spectrometer, equipped with an MCT detector.  
The Size and distribution of SiOx-particles were investigated by LST (Laser Scattering Tomography) 
on separate samples (10 mm x 20 mm x 1000 mm) and additionally characterized by SEM (Scanning 
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Electron Microscopy) at the Leipniz Institut für Kristallzüchtung in Berlin. The samples of the finished 
diffusion experiments have been etched in a drop of 30 % NaOH and investigated regarding Cu 
precipitates by SEM. 
3. Results 
3.1. Oxygen content and SiO2 Precipitates   
Two ingots with different oxygen content were investigated. Fig. 3 shows the FTIR spectrum of both 
at 30 mm height. The concentrations of interstitial oxygen (Oi) are 3x1017 cm-3 for the low oxygen sample 
and 7x1017 cm-3 for the high oxygen sample. For the high oxygen sample, a tiny peak at 1224 cm-1 was 
observed which corresponds to plate like oxygen precipitates (SiO2) [8].   
 
 
 
 
 
 
 
 
               
 
Fig. 4. Absorbance spectrum of samples with low and high oxygen content measured before and after annealing (a), left: interstitial 
oxygen at 1107 cm-1, right: precipitated SiO2 at 1224 cm-1  
 
The LST-images for the bottom part of the two ingots are presented in Fig.5. For the low oxygen 
sample only a few comparatively large reflexes can be observed. In contrast, the high oxygen sample 
reveals numerous tiny spots, partly aligned in lines. The PL intensity of the high oxygen sample is 
significantly higher (at the same resistivity). As expected, the tiny spots of the high oxygen sample were 
ident and EDX as SiO2 precipitates. A part of these precipitates is located at grain boundaries (Fig. right 
side).  
        
Fig. 5. LST-images (a) for sample with low oxygen (b) for sample with high oxygen and (c) SEM/EDX image of a precipitate at a 
grain boundary consists of Si und O  
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3.2. Diffusion experiments  
The first diffusion experiments were performed on CZ-material in order to identify suitable ranges of 
temperature and time. A first Cu signal was detected after 8 minutes diffusion at 700°C. A linear increase 
of the copper content with increasing diffusion time was observed. 
Fig.6 shows that for multicrystalline material copper contamination can be detected a few minutes earlier 
compared to mono. This might be attributed to the much faster grain boundary diffusion. Interestingly, 
the slope of the c(t)-graph is nevertheless smaller.  
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Fig. 6. Copper content measured by TXRF versus annealing time for mono crystalline sample and multi crystalline samples with 
low and high oxygen 
3.3. Investigation of Cu precipitates 
It is well known that HNO3 dissolves only the copper on top of the surface, whereas the silicon itself is 
not affected. In order to obtain a better understanding where the Cu is located after diffusion, the sample 
was etched in 35% HNO3. Thereafter, the obtained solution was dried in the center of a quartz sample and 
measured by TXRF. No copper was detected in this solution. In a second step, a drop of 30 % NaOH was 
placed in the center of the sample and heated at 70 °C for 10 minutes after reaction start. An etch removal 
of 3 microns was measured by confocal microscopy. Since Cu can not be dissolved in NaOH, precipitates 
should remain on the etched surface. This has been investigated by SEM and EDX. Fig 7(a) reveals 
numerous precipitates located in the vicinity of a grain boundary. The EDX of theses precipitates 
indicates the presence of Cu, Si and oxygen (Fig.7 c).  
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Fig. 7. SEM/ EDX image a) from the low oxygen sample, Cu-precipitates marked with circles b) from high oxygen sample  c) EDX- 
spectrum of such a precipitate  
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4. Discussion  
The FTIR – measurements exhibit no influences of the annealing step, neither on the Oi – content nor 
on the precipitate peak. This is in agreement with the literature, where the formation of precipitates has 
been reported for significantly higher temperatures [8]. It follows, that the conditions for diffusion do not 
change during the annealing due to SiO2. On the other hand, the different Oi contents of the samples result 
in significant differences in the precipitate peak: the higher the Oi – content the larger the precipitate 
peaks. This integral measurement is visualized by LST measurements. Only a few scattering centers, 
indicating one precipitate each, have been observed for the sample of low Oi content. In contrast, the 
sample of high Oi content exhibits a dense network of tiny spots which is attributed to the SiO2 – peak. 
Furthermore, Fig. 5b reveals one grain without any precipitate which can not be explained at present. The 
arrangement of the precipitates leads to the conclusion that a significant part of it is located at the grain 
boundaries. In order to gain deeper understanding, investigations of this observation is scope of ongoing 
FTIR measurements along the grain boundaries. However, Fig. 5c proves already the existence of such 
SiO2 grain boundary precipitates.  
Beside of the Oi – content, the thermal treatment is a possibility to avoid or enable the formation of 
SiO2 precipitates. For example, the mono-sample used here as a reference has a much higher Oi peak as 
all investigated multi-samples but no significant precipitate peak. The diffusion time till the first 
measurement of Cu is slightly lower for the mono-sample, but once the Cu appears on top of the surface, 
its amount increases rapidly. The diffusion behavior of CZ equates to a linear function. One can assume 
that the mechanism of an unhampered diffusion takes place. For mc Si the situation is different. Cu is 
measured about four minutes earlier than for CZ. This might be attributed to the much faster grain 
boundary diffusion in the mc Si which is between two and three orders of magnitude higher than bulk 
diffusion [9]. Interestingly, the slope of the c(t)-graph is nevertheless smaller. A possible explanation of 
this behavior is that the grain boundary diffusion is indeed faster, but the surface area on the measured 
side is much smaller. Consequently, the saturation concentration is reached sooner, but the measured 
surface concentration can be nevertheless lower. But there is also a difference between the two mc – 
samples: the one with a high oxygen content exhibits a considerably slower Cu diffusion. The SEM/EDX 
investigations prove that the Cu precipitates are always located in the vicinity of or directly at SiO2 
particles.  
The PL intensity of the LST-measurement of the high oxygen sample is significantly higher than that 
of the low-oxygen sample. This corresponds, surprisingly, to a significantly higher Weff for the high 
oxygen sample. It has to be mentioned that beside of Cu precipitates numerous Ni, Fe and Zn precipitates 
were detected in the high oxygen sample – always in combination with oxygen, which can not originate 
from the diffusion experiment. At the very first mm of the high oxygen sample, the precipitate peak was 
much larger. A diffusion experiment at this sample gave Cu signal at all even after 30 minutes diffusion at 
700°C. Therefore, it can be concluded that the higher Weff of the high oxygen sample is caused by an 
intrinsic getter in effect of the tiny (~100 nm) SiO2 precipitates, especially at the grain boundaries. 
 
5. Conclusion 
A very simple experimental setup has been designed for diffusion studies of Cu in multicrystalline Si. 
It was demonstrated on the example of Cu that high oxygen contents in the bottom of mc Si ingots may 
have a beneficial influence on the in-diffusion of metals from the crucible and its coating. Pre-condition is 
a high density of tiny SiO2 precipitated at the grain boundaries. Dissolved metals diffuse preferably to 
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SiO2 precipitaties. An effect similar to the effect of BMD’s as applied in microelectronic devices can be 
observed.  
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